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ABSTRACT
This article looks at the combined constraints from a photometric and spectroscopic
survey. These surveys will measure cosmology using weak lensing (WL), galaxy cluster-
ing, baryon acoustic oscillations (BAO) and redshift space distortions (RSD). We find,
contrary to some findings in the recent literature, that overlapping surveys can give
important benefits when measuring dark energy. We therefore try to clarify the status
of this issue with a full forecast of two stage-IV surveys using a new approach to prop-
erly account for covariance between the different probes in the overlapping samples.
The benefit of the overlapping survey can be traced back to two factors: additional
observables and sample variance cancellation. Both needs to be taken into account
and contribute equally when combining 3D power spectrum and 2D correlations for
lensing. With an analytic example we also illustrate that for optimal constraints, one
should minimize the (Pearson) correlation coefficient between cosmological and nui-
sance parameters and maximize the one among nuisance parameters (e.g. galaxy bias)
in the two samples. This can be achieved by increasing the overlap between the spec-
troscopic and photometric surveys. We show how BAO, WL and RSD contribute to
this benefit and also look at some other survey designs, such as photometric redshift
errors and spectroscopic density.
1 INTRODUCTION
The characteristics of a galaxy survey are in practice limited
by time constraints. One can spend the time going deeper
or overlapping different probes, or going wider. The issue
of overlapping surveys has been an open question in the
literature for the last few years. Several groups have been
working on the topic, trying to find out if it is better to
combine spectroscopic and photometric galaxy surveys on
the same or different parts of the sky. Besides the benefit
of finding an optimal design, these studies can also help in
understanding the best way to combine different probes.
This paper proceeds a series of related papers by the
same authors on this topic. The first deals with modeling
of the correlation function. The second studies the relative
impact of WL, RSD and BAO on cosmological forecast. The
third focus on the impact of galaxy bias. From now, we
will refer to these as paper-I(Eriksen & Gaztanaga 2014),
paper-II(Eriksen & Gaztanaga 2015a) and paper-III(Eriksen
& Gaztanaga 2015b). In this paper we focus on the combined
constraints from a photometric and spectroscopic survey.
The combination of spectroscopic and weak lensing sur-
veys helps to reduce the statistical errors on cosmological
parameters (Bernstein & Cai 2011; Gaztañaga et al. 2012;
Cai & Bernstein 2012; Kirk et al. 2013; Font-Ribera et al.
2013; de Putter et al. 2013). To a great extend the reduc-
tion comes from the complementarity (and independence)
of the probes used in WL, RSD and BAO. That is some-
thing which can be done when combining two surveys over
separate parts of the sky. In addition, overlapping surveys in-
cludes additional cross-correlations between the two galaxy
samples which could in principle add or reduce the above
benefits.
The galaxy density fluctuations follow the underlying
dark matter fluctuations. This is something we can actually
observe. There is also good agreement between the shape
of the dark matter power spectrum and the galaxy power
spectrum, or the corresponding 2D-correlations. These are
related with a conversion factor called the galaxy bias b.
The bias factor depends on how well the galaxies are trac-
ing the underlying mass. This is again dependent on the
galaxy types and magnitudes. Therefore, splitting or select-
ing galaxies will give samples with different characteristics.
These different galaxy probes are not independent be-
cause they trace the same underlying matter. However this
can result in sample variance cancellation and reduce the
errors on the cosmological parameters. A multiple tracer
technique is a method already suggested in the literature
to reduce sampling variance within a survey McDonald &
Seljak (2009); Cai & Bernstein (2012); Asorey et al. (2014).
In this article, the sampling variance can also cancel between
the photometric and spectroscopic survey, between WL and
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RSD or galaxy counts of different galaxy types combina-
tion, as long as we are careful to include the full covariance
between then. The relative impact of this cancellation will
strongly depend on how much correlated are these probes
relative to how much information there is in each separate
measurement.
The first section in this paper introduces the forecast as-
sumptions. These are already detailed in the other papers of
these series, therefore the explanation is kept to a minimum.
The second section presents the forecast of different survey
configurations and probes, studying how these contribute to
the benefit of overlapping galaxy surveys. In section three we
present a generic analytical example to help interpreting the
sample variance cancellation in the forecast. In the fourth
section, we study how the galaxy density and redshift un-
certainty affect the conclusions on overlapping surveys. We
end with a conclusion.
2 FORECAST ASSUMPTIONS
In this section we briefly present the forecast assumptions,
which corresponds directly to the setup in a series of papers
(paper I, II, III). While the description here provide the
most essential assumptions, the reader is referred to paper-
II for more detailed information and discussion. A study of
2D-correlations in narrow bins can be found in paper-I.
Observables and Fisher forecast. The forecast study
the combined constraints on dark energy and simple devi-
ations from general relativity from intrinsic galaxy cluster-
ing, RSD and WL. A spectroscopic survey with excellent
redshift information is ideal to measure RSD and intrinsic
galaxy clustering, while a photometric survey allow for shape
measurements to probe weak lensing. To simplify the survey
combination, we analyze both surveys using 2D-correlations
of galaxy count overdensities and galaxy shear. See paper-I
for a detailed treatment.
We use the Fisher matrix formalism to propagate the
covariance of observed correlations to the covariance (and
errors) of the cosmological parameters. Let Cx be a 2D
cross-correlation, with the index x ≡ {`, z1, z2, p1, p2} being
a combination of angular multipole scale `, the two redshift
bins (z1, z2) and galaxy populations (p1, p2). The Fisher ma-
trix is then
Fµν =
∑
x,y
∂Cx
∂pµ
(
Cov−1
)
x,y
∂Cy
∂pν
(1)
where Cov−1 is the inverse covariance between the observ-
able and ∂Cx/∂pµ is the derivative with respect to a param-
eter µ. The double sum (x, y) is over all considered observ-
ables. Inverting the Fisher matrix,
Covµν = (F
−1)µν (2)
estimate the covariance of the parameters. While the Fisher
matrix use a Gaussian approximation for the parameter like-
lihood and these errors are lower bounds, the Fisher matrices
are a standard tool for cosmological forecast and can provide
good physical insight.
Parameter Photometric (F) Spectroscopic (B)
Area [deg2] 14,000 14,000
Magnitude limit iAB < 24.1 iAB < 22.5
Redshift range 0.1 < z < 1.5 0.1 < z < 1.25
Redshift uncertainty 0.05(1+z) 0.001 (1+z)
z Bin width; # bins 0.07 (1+z); 12 bins 0.01(1+z); 71 bins
Bias: b(z) 1.2 + 0.4(z - 0.5) 2 + 2(z - 0.5)
Shape noise 0.2 No shapes
density [gal/arcmin2] 6.5 0.4
nz - z0 0.702 0.467
nz - α 1.274 1.913
nz - β 2.628 1.083
Table 1. Parameters describing the two surveys/populations.
The first block give the area, magnitude limit, redshift range
used in the forecast, redshift uncertainty modeled as a Gaussian
and the redshift bin width. Second block give the galaxy bias
(δg = bδm and average galaxy shape uncertainty. Third block
give the galaxy density and parameters for the n(z) shape.
Galaxy samples The forecast in 2D-correlations models
the photometric (F for Faint) and spectroscopic (B for
Bright) surveys as two galaxy populations. Forecasting the
parameter errors depends on e.g. the redshift uncertainty,
galaxy density and galaxy bias of both populations. For sim-
plicity, the most important values are summarized in Table
1, while assumptions on minor effects (e.g. cosmic magni-
fication) and plots can be found in paper-II. The galaxy
densities follow the distributions
dN
dΩdz
∝ (z/z0)α exp
(
−(z/z0)β
)
(3)
with the parameters given in the last block of Table 1.
Since galaxies often occupy dense regions, the galaxy
densities are biased (δg = bδm) with respect to the matter
distribution. The bias factor, which depends both on galaxy
formation and selection effects, is an important uncertainty
in the combined forecast. When combining photometric and
spectroscopic surveys, part of the gain comes from improving
galaxy bias constraints. This forecast use one (linear) bias
parameter for each redshift bin and galaxy population. Note
that this is different from Gaztañaga et al. (2012), which
used a smaller number of bias parameters. The fiducial bias
evolution b(z) for each population is given in Table 1.
Figure of Merit (FoM) A Figure of Merit compress the
ability to measure cosmological parameters into a single
number. While characterizing the full strength of a survey
is more involved, it allows to simple compare the relative
strength of surveys, probes and their combinations. To al-
low for both measuring the expansion and growth history,
we define
FoMwγ ≡ 1√
det
[
(F−1)S
] (4)
where S the parameter subspace of w0, wa, γ, and therefore
extends the DETF FoM by including the γ parameter, see
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Gaztañaga et al. (2012). The forecast include Planck priors
(see paper-II) and marginalizing over cosmological parame-
ters Ωm,ΩDE ,Ωb, h, σ8, ns 1. We also marginalize over bias
parameters, which follows the fiducial relations in Table 1
with one bias parameter in each redshift bin, separate for
each of the galaxy population. A detailed study of the galaxy
bias can be found in paper-III.
Non-linear scales The forecast only use linear scales. In
addition to `max = 300, which for technical reasons is used
for all correlations, we additionally remove correlations with
too high k = `/χ(z) to prevent low redshift bins to enter into
the non-linear regime. If either redshift bins in a correlations
has k > kmax(z) = exp(−2.29 + 0.88z), the correlation is
removed. For further details, see paper-II.
3 BENEFIT OF OVERLAPPING SURVEYS
This section present the main arguments of overlapping ver-
sus non-overlapping galaxy surveys. The first subsection
present the forecast for different probes and the contribu-
tion of WL, RSD and BAO. The second subsection explains
the contribution from galaxy clustering with multiple tracers
and also from cross-correlations of galaxy counts with back-
ground shear. In the third section, we discuss the sampling
variance cancellations that comes from overlapping surveys
tracing the same matter fluctuations. Last subsection com-
ments on how overlapping surveys also help to reduce sys-
tematic effects.
3.1 Increasing FoMs
Table 2 contains the main forecast table. The two first lines
are respectively for overlapping and non-overlapping sur-
veys, when including both galaxy counts and shear. The
ratio line show the statistical benefit of having overlapping
surveys. For the nominal survey, the FoMwγ increase with
50% or equivalent 30% in the area. Further, one see that
the result depends on the galaxy bias. Fixing the galaxy
bias strongly increase the FoMwγ , but decrease the benefit
of overlapping surveys. For a more detailed treatment, see
paper-III.
Each column either fix the bias (second column) or re-
move a physical effect, while keeping the same correlations.
Removing effects like doing the forecast in real space is unob-
servable, but it is shown to demonstrate the relative effects.
Including WL, RSD and BAO respectively increase FoMwγ
with factors of 4.8, 2.1 and 1.3. This shows that both lens-
ing and RSD are significant contributions. Also, while the
1 The fiducial forecast is a wCDM model, with values of cos-
mological parameters to match the MICE (www.ice.cat/mice)
cosmological simulations. The densities of matter, dark energy
and baryonic matter are respectively Ωm = 0.25, ΩDE = 0.75,
Ωb = 0.044. For the dark matter power spectrum P(k), σ8 = 0.8
is the amplitude of fluctuations in a 8Mpc/h sphere, while P (k) =
k0.95 on large scales. The dark energy component has an equa-
tion which equals a cosmological constant. In the forecast, we use
the Eisenstein-Hu power spectrum model, which has the option
of removing effects of BAO.
forecast include the full power spectrum, the BAO is an im-
portant contribution. For a fixed bias or without lensing,
the same-sky ratio drops. This happens because overlap-
ping surveys better constrains the free bias parameters and
without lensing there are no additional counts-shear (〈δγ〉)
cross-correlations. Instructively, the benefit without BAO
and RSD show the competition between higher constraints
in the separate surveys and the benefit of overlapping sur-
veys. The second section in Table 2 shows the same results
using only galaxy counts (no shear). Results are qualitative
similar to the ones with shear, but the FoM are smaller, as
expected.
To compare the combination of surveys (FxB, F+B)
to the constraints to a single survey, Table 2 include F:All,
B:All, F:Counts and B:Counts. The last two lines show the
forecast when only using clustering of galaxy counts. De-
spite being deeper, the F sample has much lower FoMwγ
due to larger photo-z scatter. Constraints from galaxy clus-
tering and RSD is therefore much higher in spectroscopic
than photometric surveys. Also note how removing BAO
(last column) reduce the FoMwγ by less than half, while
removing RSD has a much larger impact.
Weak lensing also affects the number counts through
magnification. The impact is small for the spectroscopic sur-
vey where the RSD dominates. However, for the photomet-
ric (F) sample with only number counts, magnification in-
crease FoMwγ by 50%2. One should also note the difference
between F:All, B:All and F+B:All. Even if the surveys are
not overlapping, their combined constraints are much higher.
This comes from WL and RSD probing different parameter
combinations. Thus, one can greatly benefit from combining
photometric and spectroscopic surveys, even when they do
not overlap.
3.2 Counts-Shear cross-correlations
Overlapping surveys allow for the cross-correlation of the
two samples. The important contributions are the cross-
correlations of galaxy counts (〈δF δB〉), which is a multi
tracer approach and the correlations of spectroscopic galaxy
counts with background shear 〈δBγF 〉. In this subsection we
study the effect of counts-shear correlations (〈δγ〉), which
either comes from the cross-correlation of foreground spec-
troscopic galaxies (〈δB , γF 〉) or from within the photometric
population (〈δF γF 〉).
The count-shear correlations contribute important in-
formation. While the auto-correlations, ignoring RSD, de-
pend on b2, the counts-shear correlations depend linearly
on the bias (b). Measuring both the counts-counts auto-
correlations and the count-shear cross-correlations leads
to important improvements. The counts-shear correlations
alone give weak bias constraints. The benefit comes from
measuring the galaxy bias with galaxy clustering and then
using these bias measurements to improve cosmological con-
straints from the counts-shear cross-correlations.
Section 4 of Table 2 investigates how the different
counts-shear cross-correlations contribute. The three lines
2 In Gaztañaga et al. (2012) we used a different and more con-
fusing notation. There "MAG", which equals what we now label
"Counts", included both magnification and galaxy clustering.
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Probe combinations Fiducial Fix Bias No WL No RSD No BAO Observables included
FxB:All 35.5 213 7.32 17.1 27.8 F+B:All + 〈δBδF 〉 + 〈δBγF 〉
F+B:All 24.3 193 6.13 11.0 18.0 F:All + B:All
Ratio 1.5 1.1 1.2 1.6 1.6 (FxB/F+B):All
FxB:Counts 8.3 61.9 7.32 3.31 6.0 〈δF δF 〉 + 〈δBδB〉 + 〈δBδF 〉
F+B:Counts 6.24 62.0 6.13 1.72 4.41 〈δF δF 〉 + 〈δBδB〉
Ratio 1.3 1.00 1.2 1.9 1.4 (FxB/F+B):Counts
F:All 3.10 51.2 0.06 2.61 2.77 〈δF δF 〉 + 〈δF γF 〉 + 〈γF γF 〉
B:All 7.9 52.6 5.53 2.76 5.42 〈δBδB〉 + 〈δBγB〉 + 〈γBγB〉
F:Counts 0.08 2.85 0.06 0.04 0.05 〈δF δF 〉
B:Counts 5.53 45.4 5.53 1.45 3.78 〈δBδB〉
FxB-〈δF γF 〉:All 32.4 201 7.32 15.4 25.3 FxB:All - 〈δF γF 〉
FxB-〈δBγF 〉:All 33.8 208 7.32 16.2 26.3 FxB:All - 〈δBγF 〉
FxB-〈δγ〉:All 16.4 100 7.32 7.46 12.0 FxB:All - 〈δF γF 〉 - 〈δBγF 〉
FxB-〈FB〉:All 30.7 199 6.05 14.1 23.3 F+B:All + Cov (same sky)
Ratio 1.3 1.0 0.99 1.3 1.3 (FxB-〈FB〉/F+B):All
FxB-〈FB〉:Counts 6.58 57.1 6.05 2.02 4.67 F+B:Counts + Cov (same sky)
Ratio 1.1 0.92 0.99 1.2 1.1 (FxB-〈FB〉/F+B):Counts
Table 2. FoMγw in units of 10−3. Each row corresponds to a different combination of probes, including either counts δ and shear γ (All)
or just galaxy counts (Counts). The combination FxB refers to the same sky case, while F+B is for separate sky for the photometric (F)
and spectroscopic (B) samples. Block 3 of rows show the single population results. In block 4,5,6 or rows are the FxB case when removing
some of the cross-correlations as observables, but keep the covariance from overlapping surveys. This is done for counts-shear (−〈δγ〉)
or from all cross-correlations between F and B samples (-〈FB〉). On the columns is first the fiducial case, including all the effects. The
next columms show the fixed galaxy bias (i.e. assumed that bias is known), no gravitational lensing effects, no redshift space distortions
effects and no BAO peak. For "No BAO" the forecast is done without BAO wiggles in the Eisenstein-Hu power spectrum, while "No
RSD" use correlations in real space.
corresponds to FxB:All including different counts-shear cor-
relations. In FxB-〈δF γF 〉, FxB-〈δBγF 〉 and FxB-〈δγ〉, re-
spectively the Faint-Faint, Bright-Faint and all count-shear
cross-correlations are not included.
Removing either the 〈δF γF 〉 or 〈δBγF 〉 cross-
correlations has less than 7% effect on the overall
constraints. However dropping both count-shear cross-
correlations reduce the constraints with 52%. One should be
careful and include all counts-shear cross-correlations in the
forecast. Including counts-shear cross-correlations for the
overlap (〈δBγF 〉), but ignoring the information for the pho-
tometric population alone (〈δF γF 〉), will overestimate the
same-sky benefit. We expect this is the main difference to
the findings of Kirk et al. (2013).
3.3 Reduced sample variance
Besides additional cross-correlations, overlapping volumes
directly reduce the cosmic variance. When two surveys over-
lap the same volume, the galaxy overdensities trace the same
underlying matter fluctuations. Measuring the same fluctua-
tions with covariant observables helps in measuring the un-
derlying matter densities. This multi-tracer technique is a
well known method to reduce the sampling variance (Mc-
Donald & Seljak 2009; Asorey et al. 2012; Cai & Bernstein
2012).
Last section in Table 2 quantify the benefit of overlap-
ping volumes. The forecast of overlapping surveys (FxB)
include covariance between the samples, while the non-
overlapping surveys (F+B) are considered independent. The
line FxB-〈FB〉 provide a case in-between FxB and F+B,
where the surveys overlap, but without including (as observ-
ables) the additional cross-correlations between the surveys.
Thus the only difference between FxB-〈FB〉 and F+B is in-
cluding the covariance between the samples (B and F) in
FxB-〈FB〉. Naively one expect a lower FoMwγ from FxB-
〈FB〉 than from either FxB or F+B, since the covariance
often reduce the available information.
Including the covariance increase the fiducial FoMwγ by
26% (see (FxB-〈FB〉/F+B):All), while the effect is only 3%
for a fixed galaxy bias. This shows the additional covariance
from overlapping surveys, increase the FoMwγ through bet-
ter bias constraints. For counts alone the increase is smaller.
When bias is known, the additional covariance in the counts
reduce, rather than increase, the FoM. When also including
shear, the bias can also be measured from 〈δF γF 〉, which ex-
plains additional benefits in (FxB-〈FB〉/F+B):All than with
the Counts alone.
A different forecast method to the 2D-correlations used
here, is to combine the spectroscopic 3D power spectrum
and the 2D counts-shear and shear-shear correlations, see
Gaztañaga et al. (2012)3. When combining a 3D and 2D
3 In Gaztañaga et al. (2012) the FxB and F+B notation did
not correspond directly to overlapping and non-overlapping sur-
veys. Instead F+B was the traditional use of photometric and
spectroscopic surveys, while FxB combined the surveys over the
same area and also used the photometric sample to measure RSD.
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forecast, one needs to include the covariance between the 2D
and 3D estimator. The forecast will otherwise not properly
include sample variance cancellation and be biased towards
a lower same-sky benefit. Not properly including the covari-
ance can partially explain why Font-Ribera et al. (2013) and
de Putter et al. (2013) find lower benefit from overlapping
surveys. These analysis separate use a 2D correlation for
the transverse modes and a 3D power spectrum for the rest.
As the transverse component accounts for less than 6% of
the modes (according to their own accounting), they ignore
most of the covariance between the galaxy counts in the
photometric and specroscopic sample.
These analysis differs in detail. The parameters in-
cluded are different, since our analysis (in this paper) al-
ways marginalising over the growth index (γ), while others
marginalise over the neutrino mass, but often fix the growth.
Also the 2D+3D estimation ignore the radial information in
the cross-correlations between the photometric and spectro-
scopic sample. For the 2D analysis in narrow bins, this effect
give a significant contribution to the correlations (see paper-
I). On the other hand, Font-Ribera et al. (2013) and de Put-
ter et al. (2013) use lmax = 2000 for WL (and also larger
kmax for BAO), which can reduce the overlap in Fourier
space and reduce the same-sky benefit. We leave modelling
the non-linear bias and extending out analysis to small scales
for future work.
3.4 Control systematics
This paper focus on the statistical benefit of overlapping
surveys. In addition, and potentially more important, the
overlapping surveys provide other venues for reducing the
impact of systematic errors. Examples include measuring the
cross-correlations to reduce the uncertainty in the photomet-
ric galaxy redshift distribution (Newman 2008; Matthews &
Newman 2010; Gaztañaga et al. 2012).
An frequently used approach to handle systematic er-
rors is to parameterize the unknown quantity, e.g. the galaxy
bias. This can remove systematic effects at the cost of in-
creasing statistical errors. Additional parameters be physi-
cally motivated or selected to follow a mathematical model,
e.g. linear in redshift. In both cases, the cross-correlations
can help to constrain these parameters. One example is the
stochastic bias model introduced in paper-III. When intro-
ducing a stochastic bias parameter, the overlapping surveys
are less affected than non-overlapping surveys. We expect
similar behavior might apply also to other forms of system-
atics.
4 A SIMPLE EXAMPLE
Stronger constraints from a higher covariance between ob-
servable might seen counter intuitive. This section illustrate
why covariance can contribute positively when marginaliz-
ing over the galaxy bias.
Combined with problems with the RSD calculations, in particu-
lar underestimating the photo-z effect, this lead to overestimating
the same-sky benefit.
4.1 Increased errors
The covariance matrix for two observables is
Cov =
[
σ21 kσ1σ2
kσ1σ2 σ
2
2
]
(5)
where σ1 and σ2 are their errors. The factor k give the cross
correlation (Pearson coefficient) between the observables,
with k = 0 being independent and k = 1 fully correlated.
Assuming the two observables are equal, the expected error
of x (σx) estimated with a Fisher matrix is
σ2x =
(
σO
∂O/∂x
)2 [
k + 1
2
]
(6)
where σO is the error of the observables. Here uncorrelated
(k = 0) observables produce the smallest errors, while the
limit of fully correlated observables (k = 1) is the constraints
from one observable alone. If O1 and O2 are the same ob-
servable measured from two surveys, then k is the fractional
overlap in survey areas, ignoring observational noise.
4.2 General covariance - 3 parameters
The effect of a covariance changes when introducing nui-
sance parameters. Consider the general case of one cos-
mology parameter (P) and two nuisance parameters (1, 2).
These could be the amplitude of fluctuations (P = A) and
the two bias parameters (b1, b2) from different galaxy sam-
ples. Their Fisher matrix can be written
F =
 d2P rP1 dP d1 rP2 dP d2rP1 dP d1 d21 r12 d1d2
rP2 dP d2 r12 d1d2 d
2
2
 (7)
where d2i is the diagonal component for parameter i. The off
diagonal components (rijdidj) are defined so −1 ≤ rij ≤ 1
are the Pearson correlation coefficient. For non-overlapping
surveys, then r12 = 0 because observables including the two
nuisance parameters are independent. A Fisher matrix can
estimate the expected parameters variance σ2i = (F−1)ii
when marginalizing over the uncertainty in the other pa-
rameters. For the parameters P , the variance is
σ2P =
1
d2P
[
1− r
2
P1 + r
2
P1 − 2rP1 rP2 r12
1− r212
]−1
(8)
where the requirement
r2P2 + r
2
P1 − 2rP1rP2r12 ≤ 1− r212 (9)
avoid negative values of the variance. From Eq. 8, the op-
timal error is σA = 1/dP , which occurs when there is no
covariance between P and the nuisance parameters (rP1 =
rP2 = 0) . Further, decreasing either rP1 or rP2 will lead
to better constrains on P . For α ≡ rp1 = rp2 the expected
error on P (Eq.8) is
σ2P =
1
d2P
[
1−
(
2α2
1 + r12
)]−1
(10)
A larger r12 or smaller α reduce the error (and vice versa).
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For optimal constraints, one should minimize the correlation
between cosmology and the nuisance parameters (α), while
maximizing the correlation between the nuisance parameters
of the two samples (r12). We have run some analytical exam-
ples of this and found that, as expected, r12 is proportional
to k while alpha depends more weekly on k. This explains
how the error in cosmological parameters could reduce as we
increase the overlap between the two surveys (and therefore
k).
4.3 General covariance - n parameters
The example can be extended to more parameters. Consider
the Fisher matrix where the parameters are divided into the
parameters of interest (p) and nuisance parameters (n). The
covariance matrix is the by block inversion
F−1 =
[
Fpp Fpn
Fnp Fnn
]−1
(11)
=
[
S−1nn −F−1pp FpnS−1pp
−F−1nn FnpS−1nn Spp
]
(12)
where Fxy denote the Fisher matrix subspace for parameter
sets x and y and the Schur complements (Snn, Spp) are
defined by
Snn ≡ Fpp − FpnF−1nn Fnp (13)
Spp ≡ Fnn − FnpF−1pp Fpn. (14)
.
Equivalent to the general FoMS (Gaztañaga et al. 2012), for
which FoMwγ (Eq. 4) is a special case, one have
FoM ≡ 1√
det [(F−1)pp]
=
√
det
[
Fpp − FpnF−1nn Fnp
]
(15)
from Eq. 12 and 13. The FoM increase with higher cor-
relation between nuisance parameters (in Fnn) and lower
correlation between nuisance parameters and parameters
of interest (Fnp). Notice how the cosmological parameters
marginalised over is included in the set of nuisance param-
eters (n). While the results also depend on the eigenvectors
directions, but we are not discussing this here.
5 SURVEY CONFIGURATIONS
The benefit of overlapping surveys depend on the survey
specifications. We find a same-sky benefit over a wide range
of configuration. However the exact benefit depend on de-
tails and need to be considered when comparing results in
the literature. The combined forecast depends stronger on
parameters of the spectroscopic survey. In this section, we
therefore study the effect of spectroscopic density and the
importance of radial information.
5.1 Spectroscopic galaxy density
The number of galaxies is a discrete quantity, which leads to
a shot-noise term in the auto-correlation of galaxy overden-
sities. A higher spectroscopic density will reduce the mea-
surement errors and increase the constraints on cosmology.
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Figure 1. Effect of galaxy density in the spectroscopic sample.
The top panel show the absolute FoMwγ , with the galaxy den-
sity on the x-axis and the four lines corresponds to FxB-All,
F+B-All, FxB-Counts and F+B-Counts. A vertical line at 0.4
gal/sq.arcmin marks the fiducial spectroscopic galaxy density. In
the lower panel, the ratios show the same-sky benefit (FxB/F+B)
and the effect of the overlapping volumes (FxB-〈FB〉/F+B).
But for a fixed survey time, there is a trade off between
depth (longer exposures) and area covered. This subsection
ignore survey optimization and study how increased densi-
ties improve constraints for a fixed area.
Fig. 1 shows the effect of increasing the galaxy den-
sity in the spectroscopic sample. For low densities, the con-
figurations which only include galaxy counts (FxB-Counts,
F+B-Count) drops drastically since the spectroscopic galaxy
clustering dominates the constraints. Naturally, the effect
is smaller when also including WL shear (FxB-All, F+B-
All), because the lensing constraints primarily come from
the photometric sample. The lines grow monotonically and
flattens around 0.4 gal/sq.arcmin. Beyond this density, we
only find small improvements by targeting higher densities.
This turnover is affected by the removal of non-linear scales
and the lmax value.
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The bottom panel (Fig. 1) show the same-sky ratio.
For low densities, the error is dominated by shot-noise and
sample variance cancellation becomes less important. There-
fore we find that the ratio increase with density. Also, the
(FxB/F+B):Counts ratio grows faster because the spectro-
scopic density (B) affects the galaxy counts clustering more
than the WL.
5.2 Redshift uncertainties
Spectroscopic galaxy surveys typically has excellent redshift
determination. The Gaussian spectroscopic errors we assume
(σz = 0.001(1 + z)) are 50 times better than the photo-z er-
rors (σz = 0.05(1 + z)). This precision allows us to measure
the radial information in the galaxy clustering. For this se-
ries of papers, the analysis is done with 2D cross-correlations
in narrow redshift bins. The radial information is encoded in
the intrinsic cross-correlations between the redshift bins (see
paper-I, paper-II). This subsection forecasts the constraints
for larger redshift errors for the spectroscopic (Bright) sam-
ple. Although the errors are artificially high, the results help
to understand the benefit of high radial resolution.
Fig. 2 (top panel) shows FoMwγ for increasing redshift
uncertainties in the spectroscopic sample. Larger photo-z
errors dramatically decrease the performance. The vertical
line indicate the forecast for a narrow-band survey, e.g. PAU
(Martí et al. 2014). For the fiducial redshift binning, the
narrow-band photo-z error provide comparable constraints
to a fully spectroscopic survey. This result depend on the
redshift bin width. Thinner bins are more sensitive to the
photo-z value, with details provided in paper-II. For larger
errors of σz = 0.05(1 + z), the information in the galaxy
clustering (Counts) drop by almost two orders of magnitude.
This decrease is likely overestimated because the number of
bins is fixed4, but it demonstrates how the 2D-correlations
in narrow bins benefit from the good redshift information.
The bottom panel (Fig. 2) shows the same-sky benefit
ratio (FxB/F+B). When increasing the redshift uncertain-
ties above σ68 ≈ 0.015(1 + z), the ratios decline both for All
and Counts. Including lensing allows measuring counts-shear
from either spectroscopic or photometric foreground galax-
ies. This measurement depends on knowing the bias of the
foreground galaxies. Higher redshift uncertainties directly
increase the spectroscopic (B) bias error, while indirectly
for the photometric (F) bias from cross-correlation of galaxy
counts in the two samples. For only galaxy count, the weaker
importance of Bright-Faint cross-correlations is partly com-
pensated by a loss in spectroscopic bias (in F+B), but the
same-sky ratio still declines. Two lines (FxB-〈FB〉/F+B)
show the direct benefit from overlapping volume. The (FxB-
〈FB〉/F+B):All ratio decline fast, which means the sampling
variance cancellation is more dependent on good redshift
resolution in the spectroscopic sample.
4 We have 71 bins and bias parameters for the spectroscopic sam-
ple regardless of the photo-z uncertainties.
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Figure 2. Impact of redshift errors of the Bright/spectroscopic
galaxy sample. The top-panel show FoMwγ increasing a Gaussian
photo-z in the Bright/spectroscopic sample, with four lines cor-
responding to FxB-All, F+B-All, FxB-Counts and F+B-Counts.
A vertical line at σz = 0.0035(1 + z) marks the expected photo-
z in a narrow-band photometric survey. The lower panel shows
the same-sky ratios and also including two ratios for the volume
effect.
6 CONCLUSIONS
In a series of articles (paper-I, II and III) we have looked at
at combining the information from photometric and spec-
troscopic surveys. The photometric surveys measures galaxy
shapes and can constrain cosmology from weak gravitational
lensing, while the accurate redshift determination in spec-
troscopic surveys is suited for galaxy clustering, RSD and
BAO. A central question is: Should spectroscopic and pho-
tometric surveys ideally be over the same area? Previous
studies disagree, finding either none or very high same-sky
benefit. This paper summarized our understanding, building
on the detailed study in paper-I, II and III.
Section 2 describe the forecast assumptions (for more
details see paper-II). The weak lensing and galaxy counts
are both analyzed using 2D-correlations, with narrow bins
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in the spectroscopic sample. Radial information of the spec-
troscopic sample is included through intrinsic correlation be-
tween narrow redshift bins (see paper-I, paper-II, Asorey
et al. (2012), Asorey et al. (2014)). The difference between
overlapping (FxB) and non-overlapping (F+B) surveys is
the additional cross-correlations and the additional covari-
ance since both surveys trace the same matter fluctuations.
We forecast the constraints using Fisher matrices, focus-
ing on a combined figure of merit (FoMwγ), which includes
w0, wa and the growth parameter γ. Note that all assump-
tions exactly match paper-I, II and III. The general ideas are
the same as Gaztañaga et al. (2012), but the implementaion
is quite different.
The FoMwγ is estimated for the photometric (F) and
spectroscopic (B) surveys alone and when combining them
for overlapping (FxB) and non-overlapping (F+B) surveys.
We consider only including galaxy counts, the effect of re-
moving counts-shear cross-correlations and a special case to
discuss the effect of overlapping volumes. All those cases are
estimated when fixing the bias or ignoring the effect of WL,
RSD or BAO. For the fiducial case (first row, first column in
Table 2), we find overlapping surveys benefit 50% in FoMwγ
and equivalently 30% increase when only including galaxy
counts.
One difference between overlapping and non-
overlapping surveys are the additional cross-correlations.
In the overlapping surveys, one can cross-correlate the
foreground spectroscopic galaxy counts with the back-
ground shear. Including counts-shear is possible using
either foreground photometric or spectroscopic galaxy
counts. As presented in the main table, dropping either set
of cross-correlations give a small change, while dropping
both dramatically decrease the constraints. The benefit of
additional correlations mainly comes from counts-counts
cross-correlations, which constrains bias and therefore make
the counts-shear more powerful. In Kirk et al. (2013) the
authors acknowledge the strength of counts-shear in the
photometric (F) sample, but ignore them in the combined
forecast for technical reasons (private communication). This
artificially increase the same-sky (FxB/F+B) benefit and
probably explain most of the difference to our more modest
same-sky benefit.
Overlapping surveys also directly improve constraints
from the added covariance. The galaxy over-densities in both
surveys trace the same underlying mass and the covariance
leads to sample variance cancellations. Through a special
case (FxB-〈FB〉) which can be though as either removing all
cross-correlations (between F and B) from FxB or adding
covariance to the non-overlapping (F+B) surveys, we find
about equal benefit from sample variance cancellation and
the additional cross-correlations. In section 4, we demon-
strate the non-intuitive effect of stronger covariance giving
better cosmological constraints using a simplified analytical
example. We show that for optimal constraints, one should
minimize the correlation (Pearson coefficient) between cos-
mological and nuisance parameters and maximize the covari-
ance between the nuisance parameters between the spectro-
scopic and photometric surveys, which is achieved by in-
creasing the overlap between the two samples.
Previous analysis (Font-Ribera et al. 2013; de Putter
et al. 2013) combined a 3D power spectrum of galaxy counts
with 2D correlations for lensing, following Gaztañaga et al.
(2012). These analysis ignore the (radial) covariance be-
tween the 2D and 3D estimator. Since the covariance be-
tween different tracers reduce the sample variance, ignoring
this covariance could partially explain their lower benefit
of overlapping surveys. These papers also ignore the signifi-
cant radial information in the cross-correlation of the photo-
metric and spectroscopic survey (paper-I). The assumptions
also differs, including this paper using lmax = 300 for both
WL and Counts, while two papers combining 2D and 3D
use lmax = 2000 for WL and a larger kmax for BAO, which
might affect the same-sky conclusion. Extending the forecast
to non-linear scales is left to future work.
Section 5 looked at the impact of galaxy density and
redshift errors. Starting from low galaxy densities in the
B (spectroscopic) sample, increasing the density strongly
improves the FoMwγ . This benefit saturate around 0.4
gal/sq.arcmin. for all considered configurations. The shot-
noise from low densities decrease the benefit of sample vari-
ance cancellation. Increasing the densities therefore rise the
same-sky ratio and the biggest change occurs when only
galaxy counts are included. The last subsection investigated
the dependence on accurate redshift errors in the spectro-
scopic sample. Through artificially increasing the spectro-
scopic redshift uncertainty, we find a strong degradation in
constraints as a function of redshift accuracy.
In summary, this paper finds important gains from over-
lapping galaxy surveys. The statistical benefit comes from
both additional cross-correlations and sample variance can-
cellations when using photometric and spectroscopic trac-
ers. We have studied the literature and believe we could
plausibly explain the discrepancies and confusion which is
still surrounding the topic of overlapping galaxy surveys. We
also identify several effects that impact this result and show
an analytical example for the covariance from the overlap-
ping surveys. In addition to reducing the statistical errors,
the overlapping surveys can help reducing systematic uncer-
tainties, which is needed for the next generation of galaxy
surveys.
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